Simulation of the Filling Process in Micro-Injection Moulding by Jüttner, Gabor et al.
Simulation of the Filling Process in Micro-Injection Moulding 
 
G. Jüttner, T. Nguyen-Chung, M. Gehde and G. Mennig, Institute of 
Mechanical and Plastics Engineering, Chemnitz University of Tech-
nology, 09107 Chemnitz, Germany 
 Email: tham.nguyen.chung@mb.tu-chemnitz.de 
 
Introduction. The rapid development of the micro-engineering 
technologies, in which the micro-injection moulding plays a key role 
as the most efficient technology for large-scale manufacturing of 
thermoplastic polymer micro parts, requires new concepts for mould-
ing machines and micro moulds on the one hand and a better under-
standing of the process characteristics on the other hand. Especially, 
moulding micro features of high aspect ratios still remains a challenge 
due to the high surface-to-volume ratio of the part which makes the 
melt freeze-in much faster than in conventional injection moulding. 
Nowadays, the filling and solidification of macro-scale injection 
mouldings can be predicted using commercial CAE software. For 
micro-injection moulding, the conventional tools do not work for all 
process conditions. Many authors reported discrepancies between 
simulation and experimental results for the micro injection moulding 
process [1, 2]. The reasons might be the lack of high quality database 
used in the simulation and the improperly specified boundary condi-
tions which do not reflect the real state in the cavity. Some authors 
also made the microscopic aspects like surface tension or “size de-
pendent” viscosity responsible for the inaccuracy of the simulations [3, 
4]. 
In this paper, those aspects related to the boundary conditions, 
especially the thermal contact behaviour, were taken into considera-
tion. It is known for macro-scale injection moulding that the heat 
transfer coefficient at the interface melt/mould changes with time 
during an injection cycle. Typical values for the filling stage are be-
tween 5000 and 2000 W/m²K [5]. Ainoya [6] proposed a smaller 
value of 1200 W/m²K [6]. Due to the thermal shrinkage during the 
packing and cooling stage, an (partial) air gap between the polymer 
melt and the mould wall may arise so that the heat transfer coefficient 
can drop further [7, 8]. The detachment of the polymer from the 
mould wall could even occur earlier in a micro cavity because of the 
faster cooling. By contrast, the high injection pressure needed to 
overcome the high flow resistance in the micro cavity may prevent an 
earlier shrinkage in the micro cavity, which was also found for the 
thin-wall injection moulding of a liquid crystalline polymer [9]. 
Another important issue is the melt compression in the barrel, 
which affects not only the temperature of the melt due to the compres-
sion heating, but also reduces the actual volume rate of the melt as it 
enters the cavity even if a constant plunger speed is specified. Conse-
quently, the melt compression in the barrel definitely affects the filling 
behaviour and subsequently the heat transfer in the cavity as well, 
which is especially true for micro parts of high aspect ratio. 
This paper aims to clarify the influence of the boundary condi-
tions on the results of the micro-injection moulding simulation using 
commercially available software. Important issues related to the proc-
ess characteristics of the micro-injection moulding like the melt com-
pressibility in the injection cylinder and the pressure dependent vis-
cosity were taken into account. The heat transfer coefficient was iden-
tified by means of reverse engineering based on the relationship be-
tween the injection pressure and the filling degree provided by ex-
perimental studies carried out with a precisely controlled micro injec-
tion moulding machine. 
Simulation. The program Moldflow Plastics Insight (MPI), ver-
sion 6.1, release 3, was used to simulate the filling of a micro spiral 
(Figure 1, left), at first based on the generalized Hele Shaw (2.5D) 
model. However, it can be shown that the 2.5D model does not pro-
vide sufficiently accurate results, which can be explained by the shape 
of the micro spiral. In fact, along at the curvatures of the outer lateral 
surface, the melt flows slower and solidifies faster than elsewhere, 
which narrows the cavity width significantly. As a consequence, the 
geometry conditions required for 2.5D model are no longer fulfilled. 
Therefore, 3D model was applied. 
 
Figure 1. Micro spiral (left) and 3D model geometry (right) 
Because of the symmetry, only one half of the spiral needs to be 
modelled (Figure 1, right). In fact, the program considers the symme-
try surface as a usual mould wall and applied the no-slip condition. 
However, because of the large region surrounding the symmetry sur-
face compared to the thickness of the cavity in the spiral region, this 
simplification is acceptable. Likewise, the conical sprue was not in-
cluded in the model. This way, the calculated injection pressure can be 
related to the cavity pressure measured at the end of the sprue (Figure 
2). 
The material used in the study is polypropylene HC600TF sup-
plied by Borealis Polyolefine GmbH (Linz, Austria). Since this mate-
rial is not included in the standard database of the program, extensive 
material testing had to be done. Particularly, the temperature depend-
ence of the thermal properties and the pressure dependence of the 
viscosity are relevant for the filling simulation of a micro cavity. The 
pvT-diagram and the heat conductivity were conducted by the 
Lehrstuhl für Kunststofftechnik at the Friedrich-Alexander University 
Erlangen-Nueremberg (Erlangen, Germany), while the specific heat, 
the transition temperature and the viscosity data were measured by 
MOLDFLOW (Framingham, USA). Detailed information about the 
material data may be found in [10]. 
In order to consider the compressibility of the melt in the injec-
tion barrel, information about the plunger diameter, its starting posi-
tion and velocity should be available. During the filling simulation, 
the actual melt temperature and the actual flow rate are calculated at 
each time step based on the actual flow resistance in the cavity given 
by the pressure calculated at the injection location. The appropriate 
heat transfer coefficient was identified in the following way. For each 
processing condition, simulations with different heat transfer coeffi-
cients were carried out providing various relationships between the 
injection pressure and the filling degree, which have to be compared 
with the corresponding experimental data. Accordingly, an appropri-
ate heat transfer coefficient can be determined. 
 
Figure 2. Position of the pressure sensor 
Experimental. Experiments were carried out using a plunger in-
jection moulding machine with a plunger pre-plastification (formi-
caPlast), which was developed by the Kunststoff-Zentrum in Leipzig 
(Germany) [11]. The diameter of the injection plunger is 3 mm, en-
suring a high-precision control of the injection speed and the plunger 
position. The cavity of a micro spiral (Figure 1) is 0.2 mm and 0.5 mm 
thick. Four different plunger speeds (20 mm/s, 50 mm/s, 100 mm/s 
and 200 mm/s) were applied. The nominal melt temperature was 280 
°C and the mould temperature was kept constant at 30 °C for the noz-
zle side and 20 °C for the rest of the mould. Short shots of the micro 
spiral of different filling degrees were produced by limiting the end 
position of the plunger. The cavity pressure was measured using a 
miniaturized quartz sensor (KISTLER 6183AE). As an example, 
Figure 3 shows 50 profiles of the cavity pressure measured for 50 
shots (five profiles for each plunger end position). Of these five shots, 
average value was obtained for the maximum pressure and the filling 
degree, whereby the maximum pressure can be considered as injection 
pressure since the pressure loss in the sprue is minimal and therefore 
negligible. 
 
Figure 3. Cavity pressure for 10 filling steps with 5 shots at each step 
Results. Figure 4 shows the relationship between the injection 
pressure and the filling degree for the spiral thickness of 0.2 mm. In 
general, the experimental data can be “fitted” properly except for the 
lowest injection speed of 20 mm/s, where no heat transfer coefficient 
can be determined so that the experimental data can be fitted over the 
whole range. As can be seen in Figure 5, with a heat transfer coeffi-
cient of 14000 W/m²K, the maximum filling degree would be pre-
dicted correctly, but the calculated injection pressure is too low at 
other filling degrees compared to the experimental data. Even with 
higher values for the heat transfer coefficient, the pressure level can-
not be shifted much towards the experimental values. 
In other cases, it can be seen that the heat transfer coefficient de-
creases with increasing injection speed (Figure 4), which may be 
related to the decreasing pressure level in the cavity. The same ten-
dency can be also seen for the thicker spirals (Figure 6), whereby here 
the heat transfer coefficients are lower than those in case of the thinner 
spirals. Again, it may be concluded that the heat transfer coefficient is 
dependent on the pressure level in the cavity, since the injection pres-
sure is lower for a thicker cavity. 
 
Figure 4. Injection pressure vs. filling degree (spiral thickness 0.2 mm) 
The exceptional case with the plunger speed of 20 mm/s, which 
can be seen for both cavity thicknesses, may be a further indication for 
the dependency of the heat transfer coefficient on the pressure in the 
cavity. In fact, a lower injection speed means a higher injection time 
and subsequently a stronger variation of the cavity pressure at the 
mould wall during the filling of the cavity. At the beginning, high 
pressure in the cavity still leads to a better thermal contact at the 
mould wall. In the course of time, the frozen-in layer is increasing and 
the viscosity of the melt is getting higher so that the pressure in the 
middle of the cavity no longer compensates the shrinkage at the outer 
surface. Consequently, a uniform heat transfer coefficient is not capa-
ble of representing the resulting complex thermal behaviour. 
 
Figure 5. Injection pressure vs. filling degree in case of the lowest 
injection speed (spiral thickness 0.2 mm) calculated with different heat 
transfer coefficients 
Moreover, it should be mentioned that a low injection speed 
leads to an extremely non-uniform temperature distribution not only in 
the thickness but also in the width direction (Figure 7), which narrows 
the cavity in a significant manner so that a viscoelastic model may be 
required to take the predominant extensional flow into account. This 
issue will be considered in future investigations. 
Conclusions. It can be shown that the heat transfer coefficient 
between the polymer and the mould wall, which cannot be assumed as 
a constant for all process conditions, has a significant influence on the 
simulation results. In combination with precise material data and by 
calculating correctly the reduced volume rate and the increased tem-
perature of the melt at the entrance of the cavity due to the melt com-
pression in the barrel, the heat transfer coefficient may be quantified 
by means of reverse engineering. In general, the heat transfer coeffi-
cient decreases when either the cavity thickness or the injection speed 
increases. It is believed that a pressure dependent model for the heat 
transfer coefficient would be more suitable to describe the thermal 
contact behaviour in micro injection moulding. 
 
Figure 6. Injection pressure vs. filling degree (spiral thickness 0.5 mm) 
 
Figure 7. Temperature in the middle of the cavity by low (left) and high 
injection speed (right) 
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